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Abstract

The number of single genes associated with neurodevelopmental disorders has increased
dramatically over the past decade. The identification of causative genes for these disorders is
important to clinical outcome as it allows for accurate assessment of prognosis, genetic
counseling, delineation of natural history, inclusion in clinical trials, and in some cases determines
therapy. Clinicians face the challenge of correctly identifying neurodevelopmental phenotypes,
recognizing syndromes, and prioritizing the best candidate genes for testing. However, there is no
central repository of definitions for many phenotypes, leading to errors of diagnosis. Additionally,
there is no system of levels of evidence linking genes to phenotypes, making it difficult for
clinicians to know which genes are most strongly associated with a given condition. We have
developed the Developmental Brain Disorders Database (DBDB: https://
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www.dbdb.urmc.rochester.edu/home), a publicly available, online-curated repository of genes,
phenotypes, and syndromes associated with neurodevelopmental disorders. DBDB contains the
first referenced ontology of developmental brain phenotypes, and uses a novel system of levels of
evidence for gene-phenotype associations. It is intended to assist clinicians in arriving at the
correct diagnosis, select the most appropriate genetic test for that phenotype, and improve the care
of patients with developmental brain disorders. For researchers interested in the discovery of novel
genes for developmental brain disorders, DBDB provides a well-curated source of important genes
against which research sequencing results can be compared. Finally, DBDB allows novel
observations about the landscape of the neurogenetics knowledge base.
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developmental brain disorders; database; bioinformatics; levels of evidence

INTRODUCTION

The discovery of single genes associated with neurodevelopmental disorders has increased
dramatically over the past decade, with the number of associations with malformations of
cortical development (MCD) alone increasing from 27 in 2005 [Barkovich et al., 2005] to
more than 100 in the most recent MCD classification [Barkovich et al., 2012]. The
identification of numerous genes associated with developmental delay, intellectual
disability, autism, and epilepsy brings the number still higher. The maturation of copy
number variation studies of the human genome [ltsara et al., 2009; Mefford et al., 2009;
Cooper et al., 2011], and the introduction of whole exome sequencing [O’Roak et al., 2011;
Chahrour et al., 2012; lossifov et al., 2012; Sanders et al., 2012] promise a further increase
in the number of genes associated with human neurodevelopmental phenotypes.

For the clinician, this rapid expansion of knowledge poses a challenge in arriving at
diagnoses in a timely and cost-effective manner. Recognizing that textbooks and print
journals quickly become out of date, the genetics community moved many of its clinical
resources online to assure more rapid dissemination of new knowledge. The Online
Mendelian Inheritance in Man (OMIM) and GeneReviews have become primary sources of
information for accurate information regarding genetic syndromes. However, these
resources, while encyclopedic, are limited by the state of organization of the knowledge
base. A number of problems exist. First, there is currently no system of levels of evidence
for gene-phenotype associations. It is often not apparent from OMIM or other sources which
of many genes are most highly associated with certain phenotypes. Therefore, it is difficult
for clinicians to judge which genes should really be tested and when. Second, there is no
common ontology (a shared vocabulary and taxonomy containing the definition of objects
and their relationships) of neurodevelopmental phenotypes. This void makes it difficult for
many clinicians to recognize key features, particularly when the features themselves are
poorly defined. A related issue is that a variety of partial terminologies exist, drawn from
Medical Subject Headings (MeSH), the Unified Medical Language System (UMLS), the
Human Phenotype Ontology (HPO), and DSM V [American Psychiatric Association and
DSM-5 Task Force, 2013]. All of these resources contain terms that remain undefined, are
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defined in multiple conflicting ways, or the definitions provided are different from how
clinicians generally use them.

To address these issues, we curated the genes associated with neurodevelopmental
phenotypes, assembled an ontology of these phenotypes from a number of sources, and
developed a system of levels of evidence for gene-phenotype associations. The result is the
Developmental Brain Disorders Database (DBDB), a publicly available, online-curated
repository of genes, phenotypes, and syndromes associated with neurodevelopmental
disorders available at: https://www.dbdb.urmc.rochester.edu/home.

Curation of Genes Associated With Neurodevelopmental Disorders

The first iteration of DBDB focused on phenotypes of abnormal brain development (Table
). A list of genes associated with these phenotypes was collected and expanded upon
through review of the literature, including PubMed search (for autism, developmental delay,
mental retardation, intellectual disability, epilepsy, movement disorders, and specific terms
for congenital brain abnormalities). Brain disorders with acquired, inflammatory, infectious,
and neoplastic etiologies were not included in DBDB. Also not represented were the
majority of metabolic diseases and primarily neurodegenerative conditions. An edge group
were the hereditary ataxias, some of which present with developmental delay during
childhood. New gene publications considered for update are received on a weekly basis
using the web service PubCrawler, and reviewed by the authors.

Ontology of Neurodevelopmental Phenotypes

Since no common ontology existed for neurodevelopmental phenotypes, we compiled
definitions from a variety of expert sources: (1) MeSH and UMLS (when those definitions
were complete), (2) Barkovich and Raybaud’s Pediatric Neuroimaging 5th edition
[Barkovich and Raybaud, 2012], (3) Firth and Hurst’s Oxford Desk Reference: Clinical
Genetics [Firth et al., 2005], Panayiotopoulos’ A Clinical Guide to Epileptic Syndromes and
their Treatment [Panayiotopoulos, 2010], and (5) the Diagnostic and Satistical Manual of
Mental Disorders, 5th edition [American Psychiatric Association and DSM-5 Task Force,
2013]. When no standard definition existed or was unsatisfactory, we developed a definition
based on our collective long-standing experience with these disorders.

Levels of Evidence for Gene-Phenotype Associations

Using generally accepted principles of evidence-based medicine [Haynes, 2006], we
reviewed the literature on recommendations for evaluation of neurodevelopmental disorders
specifically [Shevell et al., 2003; Shaffer, 2005; Moeschler, 2008] and other genetic
syndromes [Wilson, 2006; Zhang et al., 2011]. We also reviewed the methods of the
Evaluation of Genomic Applications in Practice and Prevention (EGAPP) working group
[Teutsch et al., 2009]. Using this broad approach, we assembled criteria for three levels of
evidence by which to judge the association genes with neurodevelopmental phenotypes
(Table ).
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Training Data Set

Each of the authors chose five gene-phenotype associations judged as Level 1 evidence
based on their experience, and five gene-phenotype associations with weaker evidence, and
presented the evidence to the other authors for discussion. This led to refinement of the
levels of evidence further in to the criteria listed in Table II.

Software

DBDB 1.2 was written in Perl and Javascript and implemented with the Catalyst 5.90011
web framework linked to a MySQL database.

Statistical and Data Analysis

Statistical tests were performed for this paper in R v.3.0.1 (http://cran.r-project.org/).
Hiveplots, a mapping tool for visualizing networks, were constructed using jhive v.0.1.1
[Krzywinski et al., 2012].

RESULTS

Website

The central page of the DBDB website is the Associations page (https://
www.dbdb.urmc.rochester.edu/associations/list). This page displays a table listing genes,
modes of inheritance, brain phenotypes, associated syndromes, and levels of evidence with
references linked dynamically to PubMed. Where available, GeneReviews chapters are also
linked. The user may sort by any of the columns. Links within the table take users to
external websites for further gene-specific information such as the University of Chicago
Computation Institute’s Lynxbio informatics platform [Sulakhe et al., 2013] and the
University of California Santa Cruz (UCSC) Genome Browser, and internal DBDB pages
for gene information, phenotype definitions and syndrome associations. Further pages
include Phenotypes indexed by DBDB, and Syndromes. A search function allows users to
query the entire dataset. DBDB may also be accessed in a RESTful format through our web
service (https://www.dbdb.urmc.rochester.edu/webserv). Currently, a simple search is
implemented, but a search algorithm allowing for Boolean terms will be included in the next
release. Clinical and research tutorials for users are available (https://
www.dbdb.urmc.rochester.edu/tutorials).

Each phenotype page in DBDB gives a definition, a list of genes and syndromes associated
with that phenotype, the level of evidence (LOE) for the gene-phenotype association, often a
representative illustration, and a reference. Each syndrome page displays cardinal features,
mode of inheritance, references, and a list of the genes and phenotypes associated with that
syndrome. The intention of the individual syndrome pages is not to reproduce information
already presented at OMIM or GeneReviews, but rather to list the essential features in a
text-light manner and then link the user to those resources. The entire DBDB dataset is
updated monthly and is freely available to users in SQL format through GitHub.

DBDB 1.2 at the time of manuscript preparation contained 438 genes, 897 gene-phenotype
associations, 72 phenotypes, and 168 syndromes with primary neurodevelopmental features.
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Curation resulted in 247 Level 1 (strongest) gene-phenotype associations, 330 Level 2, and
320 Level 3 (weakest) associations. In the DBDB ontology, every term is part of a parent—
child relationship and includes a definition and a reference. The use of parent—child term
identifiers helps when searching for associations, as higher level parent terms will yield
broader query results than narrower child-level terms. For example, a search for the parent-
level term “epilepsy” will capture all genes associated with all forms of epilepsy. Searching
a child term such as “infantile spasms” yields a more restrictive list.

Curation using our levels of evidence restricted the knowledge base presented in DBDB
compared to other sources. For example, the Autism Database presented 546 genes
associated with autism, but review of these data resulted in only 36 genes associated with
autism that met any of our three levels of evidence. This is in part because DBDB does not
include genes identified by genome wide association studies, or genes that are solely
recognized within the context of chromosomal copy number variations. In these cases, the
association of the gene with the phenotype may be speculation. Although DBDB’s methods
are more restrictive, the result is a knowledge base of greater practical value to the clinician.

Example of Clinical DBDB Use

A clinician is seeing a 2-year-old child in her office with a complex neurodevelopmental
phenotype characterized by severe intellectual disability, hypotonia, and pontocerebellar
hypoplasia (PCH) on brain MRI. After a review of the history, brain imaging, prior records,
and physical exam she forms a differential diagnosis. Genetic causes seem most likely. She
accesses DBDB on her office computer via the Internet. Clicking on the “Associations” link
at the top of the page results in the main table of gene-phenotype associations. She surveys
the information on this page, and sees that there are 11 gene-phenotype associations for PCH
that include 6 Level 2 associations and 5 Level 3 associations. Clicking on “pontocerebellar
hypoplasia” as a phenotype for one of the associations takes her to an information page
about PCH. The entry can be rapidly perused during a busy clinic. Included on this page is a
standardized definition to remove as much ambiguity about terminology as possible. An
image is usually given to illustrate the phenotype in some helpful way. A reference for the
definition is given. Then at the bottom of the page, DBDB gives the clinician a table with
the genes associated with the term “pontocerebellar hypoplasia.” The clinician can sort
gene-phenotype associations by the LOE column. This puts the genes most strongly
associated with a phenotype at the top of the list. In cases where a clinician may have
limited access to genetic testing, this aids the prioritization of testing. The clinician can use
the LOE score to evaluate available next-generation sequencing panels, and choose one
based on whether all or most of the most strongly associated genes with the highest LOE are
included. Clicking on the gene name takes the clinician to a gene-specific page, where
additional phenotypes and syndromes associated with that gene may be reviewed quickly.
Should more detail be needed, links to PubMed, GeneReviews, Lynx, and UCSC browser
are available.

Example of Research DBDB Use

DBDB may also be used by researchers in the analysis of next-generation sequencing data
for gene discovery. For example, the list of genes that contain novel nonsynonymous
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variants from whole exome sequencing can be compared against the list of DBDB genes
(https://iwww.dbdb.urmc.rochester.edu/rest/genes/) to rapidly find “knowns” in that data. To
facilitate this, DBDB data are integrated into the publicly available SOLVE-Brain
annotation tool. The DBDB genelist can also be broadened using tools such as Lynx to
develop a list of candidate interacting genes in the same biological pathways. Further
specific research uses of DBDB are in development.

The Landscape of the Neurogenetics Knowledgebase

DBDB provides an opportunity to draw together data that were previously scattered and
survey the landscape of the neurogenetics knowledge base. Figure 1 shows the distribution
of genetic associations per phenotype. Most of phenotypes (74%) have 10 or fewer genetic
associations and only 4 phenotypes included in DBDB have no genetic associations
documented. The top three phenotypes with the most known genetic associations are,
perhaps not surprisingly, intellectual disability, microcephaly, and epilepsy. Using a
quantitative approach, the “specificity” of a genetic cause of a phenotype can be measured
by the ratio of Level 1 (strongest) gene associations for that phenotype divided by the total
number of gene associations for that phenotype. A ratio of one indicated the highest
specificity for a genetic cause. Only six phenotypes (central hypoventilation,
craniosynostosis, subcortical band heterotopia, subependymal nodules, tubers, and early
myoclonic epilepsy) met this level of specificity, where all of the genetic associations were
Level 1 associations (Fig. 2A). When Levels 1 and 2 associations were combined in the
calculation of specificity, the number of phenotypes rose to 24 (Fig. 2B). Only four
phenotypes (absent anterior commissure, band-like calcifications, benign epilepsy of
childhood with centrotemporal spikes, and hemimegalencephaly) had Level 3 genetic
associations only.

The phenotypes with LOE 1 genetic associations were distributed in a step-wise fashion,
with 25 phenotypes having no Level 1 associations, and the number rose gradually toward
the top four phenotypes (molar tooth malformation, retinal dystrophy, microcephaly, and
intellectual disability) with the most LOE 1 genetic associations (Fig. 2C). These were molar
tooth malformation (9 LOE 1 associations), retinal dystrophy (17), microcephaly (24), and
intellectual disability (30). When all genetic associations across all levels of evidence were
compared, most phenotypes clustered under 20 genes/phenotype, with a mean of 10.6
genetic associations/phenotype (Fig. 2D).

Next, we examined the specificity of the genetic associations for the top four phenotypes
with the most LOE 1 genetic associations—intellectual disability, microcephaly, molar tooth
malformation, and retinal dystrophy. We found that all four phenotypes were associated
with significantly fewer genes linked to other phenotypes, compared to all other phenotypes
with Level 1 genetic associations (Fig. 2E). Genes associated with retinal dystrophy were
the most specific, and were extremely unlikely to be associated with other phenoytpes.

Although genes with Level 1 associations with intellectual disability, microcephaly, molar
tooth malformation, or retinal dystrophy were less likely to also be associated with other
phenotypes, there was variability among these “highly specific” phenotypes. This can be
illustrated using hiveplots, showing the increasingly specific nature of genetic associations
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from intellectual disability with relatively more additional phenotypic associations which
also included autism, various brain malformations, and epilepsy subtypes (Fig. 3A), through
microcephaly (Fig. 3B), molar tooth malformation (Fig. 3C), to retinal dystrophy (Fig. 3D),
with only one gene with one other phenotypic association.

DISCUSSION

The practice of medical genetics and child neurology has changed dramatically over the past
10 years, with advances in brain imaging and genetic testing leading to an explosion of
newly recognized phenotypes, syndromes, and genetic associations. Families continue to
expect diagnoses for reasons of prognosis, family planning, inclusion in natural history
studies and, increasingly, treatment [Moeschler, 2008; Makela et al., 2009]. Clinicians must
be able to efficiently apply the growing neurogenetics knowledge regarding an increasing
number of syndromes and genes to their patient population. DBDB is a publicly available
web-based tool that allows clinicians to “cut to the chase” and rapidly evaluate the most
current data on genetic associations with developmental brain disorders. DBDB is meant to
augment existing web-based resources such as OMIM and GeneReviews by introducing
levels of evidence for gene-phenotype associations and a structured ontology of
neurodevelopmental disorders. When used with other resources, DBDB should streamline
the genetic workup of children with neurodevelopmental disorders.

Levels of evidence are an evolving concept in diagnostic medicine and are essential to move
neurogenetics diagnosis from an “expert-driven craft” to a field increasingly based on
biological data. This is illustrated by the evolution in our understanding of classically
recognized conditions. Twenty years ago, finding a molar tooth malformation by MRI ended
with the diagnosis of “Joubert syndrome.” Now, it leads to the analysis of the 17 known (so
far) associated genes. To date, mutations in 12 genes have been associated with
lissencephaly. Rare are both the trainee and professor who can recite all of these genes from
memory. An accurate reference that is easily updated is clearly needed. Which of these
genes has the best evidence for association with a phenotype, are therefore more likely
causes, and should be tested first? Which next-generation sequencing panel offered best
captures the likely diagnosis in a patient? The online implementation of an evidence system
for neurodevelopmental disorders that is transparent, dynamically linked to the literature,
and curated by experts represents one solution. As new literature emerges, DBDB is easily
updated, and references remain current because they are served directly via weblinks.

DBDB also addresses the need for an ontology of definitions to encourage consistency in the
terms used for phenotypes. This is as important for trainees as for seasoned clinicians and
for families and relatives who go online to learn about prognosis. Further, it is difficult to
remain current with evolving understandings of phenotypic interrelationships. As our
knowledge of underlying biology matures, these connections inevitably change. One
illustration of this is the difficulty separating cobblestone malformation (still known to some
as “Type Il lissencephaly”) from lissencephaly and polymicrogyria in both the literature and
general practice—an important task as all three malformations are distinct with regard to
their underlying genetic etiologies, mechanism, and prognosis. The same can be said for
Dandy-Walker malformation and its related phenotypic cousins cerebellar vermis hypoplasia
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and mega cisterna magna. DBDB provides a central repository of terms and definitions for
all of these phenotypes, with references. These data are not present in OMIM or in
GeneReviews, making DBDB a unique contribution to the evaluation of children with
neurodevelopmental disorders.

DBDB allowed general observations about the landscape of the neurogenetics knowledge
base. The number of neurodevelopmental phenotypes with no genetic associations is few,
and most phenotypes have less than 10 genes associated with them. At the other end of the
spectrum, very few phenotypes have exclusively LOE 1 genetic associations. However,
when Levels 1 and 2 were grouped, this number rose to 24 phenotypes where some genetic
causation is understood.

Among the phenotypes at the higher end of the Level 1 association spectrum, there was
significant specificity that a gene was associated with that single phenotype, and no other.
Therefore, genes associated with intellectual disability, microcephaly, molar tooth
malformation, and especially retinal dystrophy were unlikely to be also associated with other
phenotypes. This may be for historical reasons, however, not related to biology. The search
for intellectual disability genes is not a new undertaking, and the sheer number of Level 1
associations may be due to the length of time of scientific study of that phenotype, with the
result that the evidence for their association has matured. When there are other phenotypic
associations, DBDB illustrates that these may occur in patterns of associations that are
recurrent and recognizable. For example, intellectual disability genes cluster in their
additional associations with specific forebrain malformations (i.e., agenesis of the corpus
callosum), hindbrain malformations (i.e., cerebellar tonsillar ectopia), and numerous
epilepsy phenotypes. Microcephaly genetic associations cluster recurrently with intellectual
disability and specific forebrain malformations (lissencephaly, pachygyria, polymicrogyria).
Genes associated with retinal dystrophy proved to be the most specific of all—genes for
retinal dystrophy were less likely to also associate with other phenotypes—with the
exception of limited overlap with molartooth malformation. These observations allow
clinicians to make connections more easily when managing patients with complex
developmental brain disorders.

Research laboratory applications for DBDB represent an area of future growth. Already the
gene list that DBDB provides may be used to augment the annotation of research whole
exome sequencing results, streamlining the identification of variants in genes known to
cause developmental brain disorders. As our data are freely available and regularly updated,
they may be incorporated easily into bioinformatics workflows. Additionally, the
availability of a well-curated list of known developmental brain disorder genes supplements
the annotation of the human genome, and our data have already been incorporated into
online platforms such as Lynx and tools such as SOLVE-Brain. Finally, there is interest in
including “gene pathway” information in future iterations of DBDB, as these data may allow
the easier identification of new genetic causes of developmental brain disorders from whole
exome data. There are now examples from congenital microcephaly [Shen et al., 2010],
megalencephaly [Mirzaa et al., 2013], and PCH [Wan et al., 2012] among others suggesting
this is a valuable tool for gene discovery. However, our observations about the current
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incomplete state of pathway annotations leads us to conclude that this would be a
considerable curation task.
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(74%) have 10 or fewer genetic associations, and four phenotypes have no known genetic

associations.
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FIG. 1.
The distribution of genetic associations per phenotype, showing that most of phenotypes
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FIG. 2.
Only six phenotypes (central hypoventilation, craniosynostosis, subcortical band

heterotopia, subependymal nodules, tubers, and early myoclonic epilepsy) had a specificity
of 1, where all of the genetic associations were Level 1 associations (A). When Levels 1 and
2 associations were combined in the calculation of specificity, the number of phenotypes
rose to 24 (B). The distribution of phenotypes with level of evidence 1 genetic associations
proceeded in a step-wise fashion, with 25 phenotypes having no Level 1 associations, with
the number rising gradually toward the top four phenotypes (molar tooth malformation,
retinal dystrophy, microcephaly, and intellectual disability) with the most level of evidence
1 genetic associations (C). When all genetic associations across all levels of evidence were
compared, most phenotypes clustered under 20 genes/phenotype, with a mean of 10.6
genetic associations/phenotype (D). The specificity of genetic associations for the top four
phenotypes with the most level of evidence 1 genetic associations (E). All four phenotypes
were associated with significantly fewer genes linked to other phenotypes, compared to all
other phenotypes with Level 1 genetic associations ("P < 2.2 x 10716: **p = 0.00023; *™*P =
0.0001; P = 0.0098). RDYST, retinal dystrophy; MTM, molar tooth malformation; MIC,
microcephaly; ID, intellectual disability.
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FIG. 3.
Hiveplots showing additional phenotypic relationships of genes associated by level of

evidence 1 with intellectual disability (A), microcephaly (B), molar tooth malformation (C),
and retinal dystrophy (D). Red node in all panels indicates primary phenotype. Blue nodes
indicate associated genes. Copper nodes represent secondary associated phenotypes. Green
edges represent Level 1 associations between genes and the primary phenotype. Pink edges
represent other associations (of any level of evidence) between those genes and the
secondary phenotypes. Genes for intellectual disability and microcephaly are more likely to
have secondary phenotypic associations, and genes for retinal dysplasia are less likely to
have secondary phenotypic associations.
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TABLE |

Ontology of Developmental Brain Disorders Included in DBDB

VI.

VII.

VI,

Disorders of connectivity
1. Autism/autism spectrum disorders
2. Developmental encephalopathies
3. Intellectual disability
Epilepsies
Cerebral patterning defects
1.  Holoprosencephaly
Disorders of neural crest and prechordal mesenchyme
1. Encephalocele
Malformations of cortical development
1.  Disorders of abnormal brain size
2 Cortical dysgenesis with abnormal cellular proliferation
3 Malformations due to abnormal neuronal migration
4. Malformations due to terminal migration and defects in pial limiting membrane
5. Malformations due to abnormal postmigrational development
6.  Callosal and commisural abnormalities
Malformations of mid-hindbrain
1.  Early anteroposterior and dorsoventral patterning defects, and misspecification of mid-hindbrain germinal zones
2. Later generalized developmental disorders that significantly affect the brainstem and cerebellum
3. Localized brain malformations that significantly affect the brainstem and cerebellum
4.  Combined hypoplasia and atrophy in putative prenatal onset degenerative disorders

Movement disorders

1. Ataxia
2. Chorea
3. Dystonia

4. Parkinsonism
Sensory development abnormalities
1.  Microphthalmia
2. Optic nerve hypoplasia
3. Retinal dystrophy
4.  Sensorineural hearing loss

Other
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TABLE Il

Levels of Evidence for Neurodevelopmental Gene-Phenotype Associations in DBDB

Level 1: Strongest gene-phenotype association

1 More than one patient series (of more than three patients each) published from different groups demonstrating that mutations within
the gene are associated repeatedly with a specific phenotype, AND

2 Animal models have demonstrated that mutations in the relevant gene are associated with the phenotype, AND

3 In vitro work has demonstrated that mutations within the gene are associated with impaired neuronal function and/or morphology
compatible with the phenotype.

Level 2: Moderate gene-phenotype association

1 Single patient series demonstrating that mutations within the gene are associated with a specific phenotype, AND ONE OF THE
FOLLOWING

2 Animal models have demonstrated that mutations within the gene are associated with a similar phenotype, OR

3 In vitro work has demonstrated that mutations within the gene are associated with impaired neuronal function and/or morphology.

Level 3: Weak gene-phenotype association

1 Any number of patient reports demonstrating that mutations within the gene are associated with a specific phenotype.

Copy number studies in which a gene is deleted/duplicated as part of a multi-gene copy number variant, or genome-wide association studies of
single/simple nucleotide polymorphisms with phenotypes, or “burden” of variants/polymorphisms/copy number variations, or where the phenotype
is not specific are considered below Level 3 and are not included in DBDB.

Also not included are genes where an animal model demonstrated a gene-phenotype association, but an association in humans has not been
reported.
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